This study demonstrates experimentally a method to enable prediction of depth of a chemical species buried in a turbid medium by using transmission Raman spectroscopy alone. The method allows the prediction of the depth of a single, chemically distinct layer within a turbid matrix by performing two measurements, with and without a beam enhancing element, or ''photon diode.'' The samples employed consisted of two different polymers, of total thickness 3.6 mm, whose optical properties are loosely relevant to pharmaceutical applications. A polymer layer of low-density polyethylene (LDPE) was placed at different positions within multiple layers of the polytetrafluoroethylene (PTFE) matrix and Raman spectra were recorded in each case. Both univariate and multivariate analyses were utilized to determine whether the depth of the LDPE layer could be predicted using the obtained data. The best-achieved RMSE of prediction was 4.2% of the total sample size (i.e., þ/À 0.15 mm) with the multivariate approach.
Introduction
Deep Raman spectroscopy is a sub-class of Raman spectroscopy comprising mainly spatially offset Raman spectroscopy (SORS) 1 and transmission Raman spectroscopy (TRS) 2 and has found a range of applications across a number of analytical fields, including pharmaceutical analysis, security screening, and disease diagnosis. 3, 4 A variant of SORS, surface-enhanced spatially offset Raman spectroscopy (SESORS), has also been demonstrated, whereby surfaceenhanced scattering from reporter molecules can provide large and distinct signals, enabling multiplexing and detection through several centimeters of tissues. In the future, this may have potential in the identification of small tumors, 5, 6 as well as being applied to glucose monitoring applications. 7, 8 Spatially offset Raman spectroscopy can reach depths of up to $2 cm, i.e., up to two orders of magnitude greater than can be achieved with conventional Raman techniques, 9 while 4 cm penetration depths have been recently accomplished using TRS. 10 With SORS, unlike in conventional backscattering Raman, there is a separation between the illumination and the collection zone, allowing the collection of Raman spectra with varying contributions from different sample depths. Contrary to SORS, TRS, which could be considered an extreme case of SORS with 180 collection-illumination geometry, yields an overall signal of the sample bulk volume in a single measurement. With TRS, until now identifying the depth of the origin of specific signals was thought to only be possible with complex TRS-tomography approaches; 11 however, here we demonstrate a simpler approach, viable with materials exhibiting low optical absorption. Such information is important in a number of analytical applications in conjunction with bulk compositional data, e.g., with multilayer pharmaceutical tablets.
The main pharmaceutical applications of TRS revolve around bulk analysis of intact tablets and capsules 12 in quality control. 13 The technique is routinely used to quantify active pharmaceutical ingredients (APIs) (including polymorphic states) and excipients in intact tablets and powders. 12, 14 In terms of biological applications, SORS and transmission Raman have been explored for disease diagnosis and monitoring, such as the retrieval of signals from different types of calcifications found in potentially malignant lesions within breast tissue. 3 Recently, a Raman tomographic imaging approach in a transmission geometry has been demonstrated to provide depth information of a target object within a turbid matrix. 15 While this work has many relevant clinical and potentially pharmaceutical applications, it involves complex reconstruction algorithms, combined with a secondary imaging technique for higher resolution.
In this study, we propose a simpler method of determining the depth of a single, chemically distinct layer buried within a turbid matrix, by recording just two TRS measurements: with and without a beam enhancing element, ''photon diode.'' 16 The use of the ratio of two such measurements enables to make the depth determination independent of absolute Raman intensities and therefore less dependent on specific experimental configuration. The photon diode is a dielectric bandpass filter that enhances Raman signal by increasing the number of photons coupled into the sample at the illumination surface via reflection of photons escaping from the sample. It utilizes the angular dependence of the spectral properties of dielectric filters. 12 The enhancement capabilities of a photon diode in transmission Raman modality have been reported in the past for tissue phantoms and pharmaceutical tablets and can reach up to an order of magnitude. 16 The photon diode enhancement has been also shown to be a function of the depth of signal origin within the sample, 17, 18 especially in high scattering samples such as pharmaceutical tablets, where maximum signal enhancement is achieved closer to the photon diode element, with the photons which re-enter the sample matrix by reflection from photon diode reaching the probed layer easier via diffuse scattering. As the probed layer is placed deeper in more distant positions from the photon diode, the benefit of the enhancing element and the contribution from the probed layer signal will decrease. Since the enhancement factor (signal with diode over signal without diode) is monotonically reducing with the layer depth, in this study we utilize this property to predict the depth of the intermediate layer from the overall measured TRS signal.
Materials and Methods

Samples
Polymer samples were employed to explore the feasibility of depth determination of a single layer of low-density polyethylene (LDPE) within a larger sample volume. Polytetrafluoroethylene (PTFE) ( Figure 1a ) was used as the bulk sample volume, as its optical properties exhibit high reduced scattering with minimum absorption. 19 The samples consisted of ten PTFE layers (0.26 mm thickness; TYM Seals and Gaskets Ltd., UK) and one layer of LDPE (1 mm thickness; Print & Copy Services, University of Exeter), leading to an overall sample thickness of 3.6 mm. The polymer layers were clamped in a linear translation stage and held together using an elastic band ( Figure 1b ). In different measurements, the LDPE sheet position was alternated within the stacked PTFE matrix while maintaining its original orientation. For each set of samples, the vernier scale of the clamping stage was set at the same value in order to assure equal and consistent compression between the different measurements. At each position of the LDPE, either a quartz window or a photon diode, through which the laser illuminated the sample, was placed in contact with the front face of the sample (PTFE and LDPE together).
Deep Raman Setup
For this study, a deep Raman system arranged in transmission Raman configuration in the University of Exeter was employed. 20 A schematic diagram of the setup is shown in Figure 2 . The light source used was a spectrum stabilized laser (Innovative Photonics Solutions) with emission at 830 nm and a source power output of $410 mW. The laser light was coupled to a Thorlabs 400 mm multimode patch cord, collimated at exit and filtered by passing through a pair of laser line filters (FL830-10, Thorlabs) in order to suppress the amplified spontaneous emission (ASE) from the laser and other unwanted emission born in the optical fiber. The collimated laser beam was then brought onto the sample via a mirror and a 70 mm focal length lens. The sample was illuminated with 350 mW of light in a 3-4 mm diameter spot. The Raman signal was collected on the other side of the sample using a collection lens (f ¼ 60 mm, dia. ¼ 50 mm, AR coated Ingcrys Laser System Ltd.) at a distance of 60 mm from the sample surface facing the collection side. In order to eliminate the elastically scattered laser light, a holographic super notch filter (HSPF-830.0 AR-2.0, Kaiser Optical Systems) was used before the scattered light was directed by a second (identical) lens onto a fiber probe bundle. The fiber probe bundle (CeramOptec, ''spot to slit line'' assembly, active area spot diameter approximately 2.2 mm, slit line of approximately 0.22 Â 15.0 mm dimensions) was connected to the entrance port of a Holospec VPH system spectrograph (Kaiser Optical Systems Inc., HSG-917.4 custom) and Raman spectra were recorded using a deep depletion CCD camera cooled to À75 C (Andor Technology, DU420A-BR-DD, 1024 Â 255 pixels). The overall spectral resolution of the system was $8 cm À1 .
In order to explore the depth prediction in polymer and tissue samples, a band pass filter (Semrock, 830 nm, with FWHM bandwidth measured as 9.5 nm, BrightLine singleband bandpass filter À25 mm diameter with overall 3.5 mm thickness) was used to act as a photon diode element. The filter was mounted at the center of a metal plate that was then placed at the front of each layered sample, in contact with it. The metal plate outside the active area of the photon diode was covered with an aluminum reflecting foil, in order to achieve the reflectance of re-emerging photons back into the sample also outside the photon diode element. For the measurements without the photon diode, the metal plate was replaced by a quartz window of identical dimensions (41 mm height Â 41 mm width Â 3 mm thick), in order to provide an equivalent air-quartz sample interface.
Raman Measurements
In the measurements, the LDPE layer was moved through the stack of PTFE matrix layers, while the whole sample remained aligned with the optical axis and at each position Raman signal was collected using two accumulations of 0.1 s (0.2 s overall). The cosmic ray removal option of the detector software (Andor Solis) was applied. The system was calibrated using Raman bands of an aspirin tablet (acetylsalicylic acid). Each set of measurements was repeated three times with and without the photon diode, while resetting the entire stack again.
Data Analysis
All spectral data were loaded into Matlab 2014b (The MathWorks Inc.) for analysis, where they were subjected to normalization against PTFE matrix peak intensity (1298 cm À1 ). After pre-processing, the ratios of diode over quartz were calculated and spectra from each data set were analyzed using univariate and multivariate analysis. With the multivariate analysis, the spectra were truncated using only the 797-1913 cm À1 section.
Univariate Analysis. With univariate analysis, the LDPE Raman peak intensity at 1063 cm À1 (C-C stretching vibration 21 ), was normalized against the matrix (PTFE) peak intensity (1298 cm À1 ). The ratio between the normalized values of diode over quartz measurements for the same depths were plotted as a function of the LDPE layer depth within the sample. A leave one out cross-validation methodology was employed along with partial least squares (PLS) fitting in order to create calibration curves for depth prediction for each one of the three data sets recorded. Each depth calibration curve was calculated using the mean values of two data sets, in order to predict the depth of the left-out data set. Calculations were repeated with each of the data sets in turn and the mean errors were predicted each time by the independent models.
Multivariate Analysis. Multivariate analysis was implemented to explore the variation of many different spectral features across the measurements in order to build and train a model for depth prediction. Partial least squares regression with a leave one out cross-validation was employed in order to build a model using an optimum number of latent variables (4 LVs). The training model was then used to make a prediction for the test (left-out) data set.
Results
In order to determine the depth of the LDPE layer within the sample matrix, spectra were recorded with the probed layer at different positions within the sample, using both the quartz window and photon diode element to preface the sample.
To evaluate the feasibility of our study, it was confirmed that the Raman intensity of the polymer (PTFE) sample was not overwhelming the signal of the LDPE layer so that the spectral features of the latter could be detected (Figure 3 ). Univariate analysis of the spectral measurements in polymer samples with the ratio of signals measured with the diode over those with the quartz leads to a monotonic calibration curve of normalized intensity ratio values against the layer depth ( Figure 4a ) and demonstrates the feasibility of predicting uniquely depth in high scattering samples.
Similar analysis for quartz measurements alone, failed to accurately predict depth, since the calibration curve profile (U-shape) does not lead to a unique solution for specific peak intensity. This result agrees with previous studies in pharmaceutical tablets, in which the greatest signal is obtained from the center of the tablet in a transmission modality. 17 To the contrary, calibration with photon diode measurements alone exhibited a monotonic profile, for these specific samples, enabling the depth to be more accurately predicted than with the quartz. The results are also in agreement with previous studies, where it has been demonstrated that the use of a photon diode in pharmaceutical tablets can alter the bias strongly towards the center of the sample. 17 Although only-diode measurements also lead to a monotonic depth profile, employment of this concept would generate major issues of reproducibility as it would involve the dependence on absolute Raman intensities. This issue is mitigated by using ratios instead.
Both univariate and multivariate analyses and cross-validation testing were successfully implemented on the three data sets, obtained using the photon diode over the quartz ratio to predict depth in the polymer system. Plots of the predicted depth against the actual depth can be seen in Figure 4 .
It is obvious from the Figure 4 that both methods can be employed to predict depth. However, multivariate analysis yields a more accurate prediction than univariate, which is demonstrated by calculating the root mean square error of prediction (RMSEP) for each method. The univariate analysis gave a range of RMSEP of 0.21-0.31 mm, compared to an RMSEP of 0.15 mm for the multivariate analysis. Considering the overall polymer sample thickness (3.6 mm), we conclude to an equivalent percentage depth RMSEP of 5.8-8.6% and 4.2% for the univariate and multivariate approach, respectively. The reduced error in the PLS regression analysis is likely due to the nature of the method, as it does not rely on the intensity of a single spectral feature, but it rather considers a multitude of differences between spectral features and background changes. Careful inspection of the PLS loadings indicates the spectral features of LDPE (1063 cm À1 and 1131 cm À1 ) and background changes (1400-1500 cm À1 ) as the discriminant factors.
Discussion
The results presented in this work provide a proof of the concept for the prediction of the depth of a buried layer in turbid matrix when employing a transmission Raman geometry.
In scattering polymer samples, the most accurate and reproducible depth prediction results originated from the use of the ratio between the photon diode and the quartz measurements. As previously mentioned, studies in pharmaceutical tablets which are of similar optical properties 22 and thickness 23 to the PTFE layers (high reduced scattering and minimum absorption coefficient) demonstrate a maximum signal in the center of the tablet, with the photon diode reducing this strong bias. 17 The maximum enhancement factor obtained during the photon diode measurements on polymer samples was 4.40Â. This is in agreement with previously reported enhancements of 4-10Â in pharmaceutical tablet studies. 12, 16, 18, 24, 25 The application of the depth prediction concept in the tissue samples using a photon diode has also been attempted as part of this study, but was ineffective since the diode exhibits a reduced efficiency in absorbing samples, 18 not permitting to reach the required monotonic correlation between the Raman signal and the depth of the probed object.
The Raman measurements for polymer samples show a lower error when analyzed with multivariate techniques. The multivariate analysis is based on the analysis of the group of spectral features in the spectra, rather than a single peak intensity as in the case of univariate analysis and therefore utilizes a higher degree of spectral information available in data. However, both the univariate and multivariate analysis would be possible to implement in pharmaceutical tablets for quality control in manufacturing processes, as they both demonstrate highly accurate prediction.
It should be noted that the technique as presented requires calibration to be established prior to determining depth for each specific sample and thickness. Depth prediction in pharmaceutics for routine purposes would therefore require the initial dissection and several in depth measurements with the API placed in different depths inside the tablet, in order to create an accurate training model. Alternatively, in the case of previous knowledge of the nature and thickness of the probed inclusion, it might be possible to establish a model externally (i.e., without any dissection) using only two sets of measurements, one with the probed inclusion at the front of the sample and one with the inclusion at the back of the sample. From those, the calibration curve could be easily calculated since it exhibits linear dependence of enhancement ratio with the sample depth.
Conclusion
The ability of TRS to predict depth of a single layer within a turbid matrix has been conceptually demonstrated. This provides a new capability to its existing chemically specific volumetric sampling feature widening potentially its application space. Although the depth prediction concept demonstrated in this work would be difficult to implement in medical diagnostics (due to the sample absorption, inhomogeneous nature of tissues, calibration, and reproducibility issues), it is a promising approach for depth prediction in situations where both the optical absorption in a sample is low and the constituents are well characterized, such as with pharmaceutical tablets.
